Abstract -Sorption of biologically active substances by ion exchangers, characteristic features of such substances and their low stability levels are discussed. Main principles of choosing ion exchangers for isolation and purification of organic substances are developed.
Instability in solutions and inactivation under the effect of various factors are the most significant critical features practically pertinent to all the objects. This imposes definite limitations on the methods of their production.
On the one hand, the sorbates greatly differ in their structure size and electrochemical properties and, on the other hand, they have a common feature, i.e. their susceptibility to the environmental factors inducing irreversible changes in the structure of the sorbates and the loss of their therapeutic activity.
Such properties require specific approaches to the problem of choosing ion exchangers and conditions for isolation and purification of the organic substances with them.
The statics and kinetics of ion exchange processes with respect to organic substances have been studied by us for many years and the following specific relationships were shown:
(1) The sorbent -solution system may be in 2 equilibrium states, i.e. true and false, (2) the sorbent counterions induce catalytic transformation of organic counter ions, (3) various mechanisms are used simultaneously for sorption of organic substances by ion exchangers.
At first, the approaches to the choice of ion exchangers for sorption of organic ions are discussed. These approaches are closely connected with the structure and properties of organic ions and ion exchangers. During the usual process of ion exchange a thermodynamic equilibrium state is established in the system in spite of changes in the properties of the ion exchanger. However, under definite conditions, when organic ions are involved in the process of ion exchange, changes in the physical properties of the ion exchanger are so significant that a false equilibrium state is established which is a qualitatively new one. A distinctive feature of such a condition is availability of an infinitely large number of false equilibrium states for the same system and gradual transition to the true state.
When the equilibrium state is true, the counterions of the ion exchanger are uniformly distributed in the particles, while in the state of false equilibrium the distribution of the counterions of various types is not uniform.
After completion of organic substance sorption from a solution, the concentration of this substance in the peripheral layers of the sorbent is much higher than that in the center of the bead.
Two types of the terminal states in the process of methylene blue sorption by a carboxylic cation exchanger and the dye ion distribution in the particle after the process completion are presented in Fig.1 .
There exists a concentration profile of counterions in the particles of ion exchangers. Such a profile changes under the effect of various factors, i.e. temperature, the particle size, initial counterion form and crosslinking, concentration of the competing ions in solutions, concentration of organic solvents in aqueous solutions, etc. (Refs 1-4) .
The study on the kinetics of ion exchange with respect to organic ions showed that, when the equilibrium is established in the system, the initial diffusion coefficients of the organic ions, i.e. those calculated according to the gel kinetics mechanism, change insignificantly, while the initial content of the organic ions in the ion exchanger increases.
Nevertheless, when the false equilibrium state is established in the system, the initial diffusion coefficients of the organic ions markedly decrease with an increase in the level of the organic ions in the ion exchanger and the activation energy of diffusion markedly increases (Refs 5,6) . Decrease in the diffusion rate during the ion exchange process is due to an increase in the rigidity of the ion exchanger layers mainly containing the organic counterions, which is shown in the study on the other properties of the ion exchanger, the water sorption isotherm and the specific volume of the sorbent containing different amounts of the organic counterions (Ref. 7) .
Both true and false equilibrium states are used in development of sorption methods for industrial production of organic substances. For concentration and purification of substances isolated from fermentation broths it is advisable to use ion exchangers providing replacement of all inorganic ions by the organic ones. Figure 2 shows the results of antibiotic sorption by various carboxylic cation exchangers. When the concentration of the sodium ions in the solution is low, i.e. less than 0.3 M, the antibiotic is sorbed by the low crosslinked cation exchanger with practically completed replacement of the sodium ions by the antibiotic ions (true equilibrium state). When a more highly crosslinked ion exchanger of the same type is used, the antibiotic level in the ion exchanger appears to be much lower (false equilibrium state). This indicates that in the first case the filtrate obtained by means of desorption has a higher concentration of the antibiotic and a low concentration of the accompanying ions.
The sorption rate of the main product by an ion exchanger is one of the most important characteristics defining its usefulness for the sorption of biologically active substances. As a rule, the sorption rate of organic ions is limited by diffusion inside the particles of ion exchangers. The larger the size and the higher the charge of the diffusing ion and the higher the crosslinking of the ion exchanger, the lower are the sorption and diffusion rates. It is demonstrated that the initial coefficients of the inner diffusion in the process of ion exchange sorption of organic ions are by 2-3 orders of magnitude lower than the respective coefficients for inorganic ions (Ref.8).
In the synthesis of ion exchangers various means are used for increasing the sorption rate with respect to organic ions. The synthesis of ion exchangers with real pores in the ion exchanger matrix is aimed to increase the sorption rate of organic ions and improve the technological characteristics of the sorbent. Usually, for formation of the pore structure of ion exchangers, their synthesis is performed in the presence of various neutral solvents (Refs 9,10). Figure 3 presents the initial coefficients of the inner diffusion of streptomycin in the carboxylic cation exchanger synthesized by the routine methods (gel cation exchanger) and by a method using neutral solvents (modified cation exchanger). When the gel cation exchanger is used, the diffusion coefficient of the antibiotic decreases with an increase in the crosslinking of the cation exchanger. The rate of the antibiotic sorption by the modified cation exchanger is higher than that by the gel one (Ref.11) . With an increase in the crosslinking of the modified ion exchangers there is observed a decrease in the diffusion coefficient. The exchange rate on cation exchangers with crosslinking of at least 8 per cent DVB markedly increases, which is due to formation of the pore structure of the ion exchanger. The favourable kinetic characteristics of the modified ion exchangers provide sorption and desorption of biologically active substances and regeneration of the ion exchanger in shorter periods. Another highly effective purification procedure may be used for sorption of enzymes with highly swelling resins. Thus, cation exchanger KB-2-O.5 was used for sorption of penicillinamidase in the form of a cation. For selective desorption potassium benzylpenicillin, an enzyme substrate was used. The procedure is based on a specific binding of the enzyme electroneutral form by the benzylpenicillin anion followed by formation of the Michaelis complex and its liberation from the ion exchanger. The use of the substrate as a selective desorbent provided a 5 fold increase in the enzyme purity as compared to the use of the phosphate buffer.
In industrial production of antibiotics with the use of ion exchange a rapid method is required for determination of the counterion composition of the ion exchanger after completion of antibiotic sorption from fermentation broth filtrates. The concentrations of the main counterions in an ion exchanger may be calculated using the concentrations of the respective ions in the filtrate and the selectivity constants for separate two ions (Refs 16-18 ).
The characteristic features of organic ions exchange connected with establishment of false equilibria are very often used for separation of the ions by their size (ion sieves). Thus, highly crosslinked ion exchangers are used for removal of inorganic ions, first of all sodium and potassium ions from solutions containing large organic ions. All the organic ions practically remain in solution . At the same time small organic ions may be separated from larger ions of organic admixtures having the same charge (Ref. 18 ). Organic substances unstable in solutions also may be destructed in the sorbed state under the effect of H or OH counterions of the ion exchanger.
A study of stability of various biologically active substances, such as antibiotics, thoir semiproducts and enzymes in the sorbed state and in solution showed that at an equal acidity the destruction rate and the activation energy of the reaction in water and in exchangers are rather close. This allows to predict the sorption conditions providing the product stability in the sorbed state (Ref. 20 ).
An Quite a new approach may be used for determination of pH. For strong acid or strong basic ion exchangers the selectivity concentration constants of thehydrogen ion or hydroxyl ion with respect to the organic ion (Krg or and the constants of or are determined and after that pH is estimated according to equation (la) or (ib) with the use of experimental sorption results:
where Cj, Ci are the ion concentrations (mg-equiv/ml) in solution and ion exchangers, respectively, g0 is the total ion exchange capacity of ion exchangers, mg-equiv/g, and V is the specific volume of ion exchangers, ml/g.
The method of measuring the hydrogen ion concentration in the phase of weak buffer ion exchangers is based on the use of the concentration form of the Donnan equation. It implies determination of the Donnan exclusion coefficient of the nonexchangeable electrolyte (KD) expressed as CC1/CC1 for the cation exchanger and as CNa/CNa for the anion exchanger as a function of the pH of solution, when the mineral salt concentration is known and the subsequent use of this pH value for an estimation of the real pH ( Fig.6 ) (Refs 24,25):
We have discussed the characteristic features of the ion exchange of organic ions with the ion exchanger counterions, i.e. the characteristic features of the true ion exchange. However, a great number of natural substances and their synthetic analogues belong to the class of ampholytes and contain zwitterions. Sorption of the ampholytes by ion exchangers involves several processes, i.e. true ion exchange of the ampholyte ions by the ion exchanger counterions, distribution of the zwitterions in water and the sorbent and Donnan exclusion of the ampholyte coion from the ion exchanger. The theory of the ampholyte sorption developed by us and the method of the equilibrium estimation in such systems allow to determine the equilibrium constants for every ampholyte form and the ionization constants of the ampholytes in the ion exchanger. A quantitative description of the equilibrium state in such systems provides not only the choice of the most rational method for the ampholyte isolation from the fermentation broth, but also a solution of a more complicated problem, i.e. determination of the conditions for chromatographic separation of the mixtures of ampholytes possessing close properties. Distribution of separate ampholyte electrochemical forms between the phases may be described by equations (3a-c) for a system containing the cation exchanger and by equations (3b) and (3'a,b) for the anion exchange system:
where
is the concentration constant of ion exchange of ampholyte anion-chloride ion, Cam is the ampholyte analytical concentration in solution, mg-equiv/ml, is the total amount of ampholyte in ion exchanger, mg-equiv/ml, C, C are the ion concentrations in solution and ion exchanger, mg-equiv/ml, respectively is the amount of ions sorbed in the ion exchanger phase, mg-equiv/g.
The electrochemical state of the ampholytes in the solution and ion exchanger is described by the respective ionization and balance equations:
Combined use of the above equations describing the inter-and intraphase distributions of ampholytes provides relation which indicates that the electrochemical state of ampholytes in solution and ion exchangers is connected with preferable sorption of one of the electrochemical forms of the amphoteric electrolyte:
It is evident from the above equations (6) that any three out of the four constants are sufficient for a quantitative description of the system. The succession in which the constants are measured may be arbitrary and depends on the properties of the sorbent and sorbate. The usual procedure is based on measurement of one of the constants of the ampholyte interphase distribution in the presence of one of the electrochemical forms in the ion exchanger phase followed by its use for calculation of the ampholyte ionization constant in the ion exchanger and of the other sorption constant when two ampholyte forms are present in the ion exchanger (Refs 27,28).
In this way, the equilibrium constants were estimated in such a way for systems including various amino acids, peptides, antibiotic ampholytes and their semiproducts, which are also ampholytes and strong acid cation exchangers of different nature, i.e. resins and sephadexes (Refs 28-30). When weak ion exchangers are used, ionization of the sorbent should be considered.
Estimation of the electrochemical and sorption constants allows to choose conditions •for the separation of ampholyte mixtures. To solve this problem it is necessary to determine changes in the value of the total amount of the ampholyte sorbed as dependent on pH of the solution. Mineral salts are always present in real systems containing ampholytes which are to be separated. For this reason, the most complicated case is discussed, i.e. sorption of an ampholyte by ion exchangers in mixed forms under conditions involving three processes: ion exchange, distribution of the zwitterions and exclusion of the ampholyte as a nonexchangeable electrolyte. The equation for calculation of the ampholyte cation amount sorbed in a ternary system (H+, Na+, AH+) is
Equation (7) For the anion exchange system the following equation is used:
= K1 A 'CV (7') where
and a is the ionization degree of the anion exchanger.
For calculation of the amount of the ampholyte zwitterion sorbed the rearranged equation (3b) may be used:
The amount of the sorbed nonexchangeable electrolyte may be calculated according to equation (8) for the cation exchange system and equation (8') for the anion exchange system:
KpCamV D' (8') where
Finally, the equation for calculation of the total amount of the ampholyte sorbed may be presented as follows:
(B + 2D)} Cation exchange system (9) = CV[K A' + K(K1B + D')J Anion exchange system (9) where
The equilibrium constants of ampholytes in the ion exchanger phase for cefalexin (cel) and its semiproducts, i.e. D-phenylglycine (D-PG) and 7-aminodesacetoxycephalosporanic acid (7-ADCA) is presented in Fig.7 . The constants of these substances and their penicillin analogues required for the estimation are presented in Table 1 .
The ranges of pH and conditions preferable for ion exchange processes, distribution of ampholyte zwitterions, Donnan exclusion of ampholytes as nonexchangeable electrolytes are evident from the curves presented in Fig.7 . The sorption curves are of a significant practical value, since they provide choosing of the optimal conditions for ampholyte sorption and desorption. The optimal pH value of the sorption process depends on K1 and the mineral ion concentration in the solution. With respect to the system containing anion exchangers (Fig.7) the ranges of the ampholyte maximum sorption are connected with the anion exchange region of the curve.
The anion sorption curve also has a maximum controlled by the value of the second constant of the ampholyte ionization when the concentration value of the mineral salts is known. Significant variation of conditions for the sorption of the studied ampholytes is connected with differences in the values of their K2.
The sorption curves plotted with the use of the electrochemical and sorption constants provide not only choice of the optimal conditions for the isolation of individual ampholytes, but also determination of ways for the chromatographic separation of the ampholyte mixtures.
The affinity levels of sorbates and sorbents are characterized by the value of the effective distribution coefficient equal to the ratio of the total concentration of the substance in the ion exchanger to its concentration in solution (Ref. (9) for cation exchangers and from equation (9' ) for anion exchangers into equation (10) , it is possible to calculate the ratios providing estimation of the effective coefficient of the ampholyte distribution at any pH value and mineral salt concentration by using the sorption and electrochemical constants of the ampholyte determined earlier in the model experiments.
In the system containing a cation exchanger,
AH -
p H p1 2 and in the system containing an anion exchanger, = K1
A' + K(K1B + D') (11') To estimate the possible choice of conditions for the separation of the ampholyte mixture, curves of the 1/Kff dependence on pH are plotted and the most favourable conditions for the separation of ampholytes are calculated (Refs 32,33).
This method was also used by us for an estimation of the possibility for separation of a mixture of peptides with close ionization constants. Satisfactory coincidence of the calculated data with the experimental findings was observed (Ref. 33) .
Therefore, a quantitative description of such systems may be used as a basis for the development of procedures for the industrial isolation of amino acids, such as L-lysine, L-triptophane and others, polybasic antibiotics, such as gentamycin and vancomycin, and for complete purification of ampholyte lactam antibiotics, such as cefalexin, ampicillin and others from their semiproducts.
